Silica microresonators with an inverted-wedge shape were fabricated using conventional semiconductor fabrication methods. The measured quality factors of the resonators were greater than 10 6 in 1550 nm band. Controllable coupling from under coupling, through critical coupling, to over coupling was demonstrated by horizontally moving a fiber taper while in touch with the top surface of the resonator. Thin outer ring of the resonator provided a support for the fiber taper leading to a robust stable coupling.
Whispering-gallery-mode (WGM) microresonators with high quality factors Q are of importance in studying fundamental physics and in developing practical applications, including quantum information, telecommunications, nonlinear optics, sensing, and cavity optomechanics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . This widespread use of WGM resonators stems from their ability to confine light within a small mode volume for extended durations of time via continuous total internal reflection which helps to enhance the light-matter interactions significantly.
Last decade has witnessed an increasing interest in the studies of WGM microresonators thereof WGM resonators of different geometries (e.g., sphere, disk, ring, toroid, bottle, etc) and materials (silica, silicon, silicon nitride, etc) have been proposed and fabricated [4] ; each having its own advantages and disadvantages over the others. For example, silica microtoroids [12] have Q of order of 10 8 thanks to the significantly reduced scattering losses due to surface-tension-induced smooth surface as the result of a reflow process using CO 2 laser [12] . However, CO 2 laser reflow process is not compatible with conventional semiconductor processing. Microdisk resonators, on the other hand, has lower Q than microtoroids due to higher scattering losses. Recently, silica disk resonators with a wedge shape, referred to as wedgeresonator, has been fabricated by optimizing the fabrication process of microdisk resonators. Wedge resonators of millimeter sizes with Q over 10 8 have been reported [13] . These resonators achieve such high-Q values without the need for CO 2 laser reflow, and due to their larger size they find uses in the studies of stimulated Brillouin scattering [13] and optical combs [14] .
Evanescent wave couplers such as prisms, waveguides or tapered fibers have been used to couple light in and out of WGM resonators. Taperoptimizinged fibers with coupling efficiencies over 95% have been the most efficient scheme in almost all experiments with high-Q resonators. However, maintaining a stable and accurately controlled coupling between the fiber taper and the resonator is challenging in the field outside the controlled laboratory environment. For example, airflow, mechanical vibrations and thermal fluctuations may easily perturb the coupling conditions and thus affect the transmission spectra of the resonator. Reflowed silica side walls or nanofork structures close to a resonator have been fabricated to form a support for the taper fiber coupler, providing mechanical stability and robust coupling conditions [15, 16] . In an alternative approach, resonators with different shapes, such as the one referred to as "octagonal silica toroidal microcavity" [17] , are fabricated to allow controllable coupling by changing the contact point between the resonator and the fiber taper. Since the fiber taper is in contact with the resonator, coupling is robust to external perturbations.
In this work, we report a new type of high-Q silica resonator fabricated by modifying the fabrication processes of microdisk and wedge resonators. We referred to this resonator as inverted wedge resonator because the top surface of this resonator is larger than the bottom surface in contrast to that of the wedge resonators [13] (Figs. 1  and 2 ). The resonator was fabricated using conventional semiconductor fabrication processes. Benefiting from its unique geometry with a flat top surface having a thin outer ring, robust critical coupling between tapered fiber and resonator was experimentally demonstrated with the outer ring serving as a support for the tapered fiber. The coupling strength was continuously tuned from under coupling to over coupling by scanning the position of the tapered fiber parallel to and in contact with the top surface of the resonator. This provides a very stable coupling between the taper and the resonator. Moreover, we also demonstrate vertical coupling between the resonator and the fiber taper by moving the fiber taper perpendicular to the top surface.
The fabrication process for the wedge resonators [13] was modified to make the inverted wedge silica resonators. The detailed fabrication process is schematically illustrated in Fig. 1 as compared to that of the wedgeresonators. First, using photolithographic patterning circular photoresist (PR) pads were created on a silicaon-silicon wafer. Then, the substrate was immersed in buffered hydrofluoric (BHF) acid at room temperature for about t 1 ∼ 20 min, and the exposed silica was isotropically etched downward and laterally, forming a wedge disk. This first BHF etching ensured that the exposed silica of thickness 2 µm was just removed. With the PR mask intact, the wafer was put into XeF 2 etcher which etched the exposed silicon isotropically for about 45 min, forming a silicon pillar under each silica disk. Then a second round of BHF etching was employed for a time duration of t 2 , which etched the exposed silica laterally and vertically in upward direction as the bottom surface of the silica was exposed after the XeF 2 etching, while the top surface was protected by the PR mask. For 0 < t 2 < t 1 , a thin outer ring was formed due to partial etching of the silica around the silicon pillar. The thickness of this silica layer can be controlled by adjusting t 2 . When t 2 > t 1 is chosen, the silica around the silicon pillar was removed completely. In both cases, the top surface of the microdisk is flat and larger than the bottom surface because BHF etches the silica from bottom to top. After this second BHF etching step, the PR was removed using acetone and a second round of XeF 2 etching was performed. This last step decreased the size of the silicon pillar and further increase the separation between the silica wedge and the silicon substrate. Note that skipping the second BHF etching (t 2 = 0) prepares wedge silica resonators.
We fabricated a series of inverted-wedge resonators with diameters in the range of 135 − 138µm by using different t 2 . In Fig. 2 , we present the scanning electron microscope (SEM) micrographs together with the optical micrographs of typical resonators with and without the thin outer ring. These resonators were fabricated following the same recipe except for different t 2 . The one in Fig. 2 (a-c) with a thin outer ring was obtained for t 2 = 19.5 min whereas the one in Fig. 2 (d-f) without the outer ring was obtained for t 2 = 20 min. From the side views of the fabricated resonators, it is clearly seen that these resonators differ from microdisk and wedge resonators, in the sense that the top surface is larger than the lower surface. Although the width of the outer ring is only 3 µm, the stress-induced crown-like pattern reported in deep undercut resonators [18] was observed in the optical micrograph (Fig. 2 (c) ). This is attributed to the deformation of the very thin ∼ 50 nm outer ring due to the induced stress as clearly seen in Fig. 2 (b) .
First we tested the effect of the duration of the second etching process t 2 on the intrinsic quality factor Q 0 of the resonators. Measurements were performed using light in the 1550 nm wavelength band from a tunable laser diode coupled to the resonators through a tapered fiber. The taper-resonator coupling was set to deep-undercoupling where the intrinsic quality factor equals to loaded quality factor (e.g., coupling losses are much smaller than the intrinsic losses). The input light power was set sufficiently low to prevent thermal effects on the transmission spectra while the wavelength of the laser was linearly scanned. Measured Q for various resonators are given in Fig. 3 .
As seen in Fig. 3 , the highest Q obtained for the resonators with thickness 2 µm and diameters 135-138 µm are 10 6 , which is on the same order as that of wedgeresonators of similar sizes [13] . The highest Q for resonators fabricated with and without the second BHF etching step are almost the same. This suggests that the second BHF etching doesn't deteriorate Q, but modifies the geometry of the resonator significantly. Shorter t 2 of the second BHF etching may decrease the Q of inverted-wedge resonators due to mode leakage induced by a thicker outer ring. It is seen that resonators fabricated with t 2 = 18.5 min and t 2 = 19.0 min have Q values which are almost an order of magnitude lower than those obtained for resonators fabricated with longer t 2 . The Q of these inverted-wedge resonators should be able to reach 10 8 as reported for wedge resonators [13] by further optimizing the fabrication conditions, such as BHF concentration, silica wafer thickness, mask diameter, and etching times t 1 and t 2 .
It is worth noting that the Q of the resonator with a very thin outer ring, such as the resonators with t 2 = 19.5 min for the second BHF etching, is as high as those of the resonators without the outer ring. This is because the outer ring is too thin to support any optical mode. As a result, the optical mode is distributed in the thick part of the disk, with a similar distribution to those in resonators without the thin ring. Light cannot be coupled into the resonator if the taper is brought into contact with the outer part of the thin outer ring, where there are no mode overlap between the tapered fiber and the resonator. We experimentally confirmed this by comparing the power transmissions with the tapered fiber attached to and detached from the outer part of the resonator's outer ring. No observable transmission difference was measured at both on-resonance and off-resonance wavelengths. As the fiber taper was moved towards the center of the resonator while keeping it in contact with the resonator, the coupling strength gradually increased from under coupling to critical coupling and then to over coupling. Since the fiber taper was in contact with the surface of the resonator all the time, the coupling was very stable. Figure 4 shows the normalized transmission obtained in the experiments as a function of the linewidth at different positions of the fiber taper on the resonator. We controlled the coupling between the resonator and the fiber taper by moving the fiber taper on the surface of the inverted-wedge resonator with a thin outer ring. During this process, fiber taper was always in contact with the top surface of the resonator. We observed critical coupling point with an extinction of 19 dB and over coupling with transmission larger than 80%. The reason for the transmission to be less than unity in the overcoupling regime is the crosstalk between the mode of interest and the nearby lying modes. Theoretically, the relation between the normalized on-resonance transmission T and the linewidth δν follows
Using the measured Q 0 = 4.15 × 10 5 and ν = 1.938 × 10 14 Hz as parameters, theoretical loading curve was plotted in Fig. 4 showing a good overlap with the experimental results. Typical normalized transmission T spectra and their Lorentzian fitting curves in the under-, critical-, and over-coupling regimes are also shown in the insets (a), (b), and (c) of Fig. 4 , respectively. Although not shown here, we also tested vertical coupling between the fiber taper and the resonator by moving the fiber taper in the vertical direction at a fixed horizontal position on the resonator. The results are similar to those obtained for the horizontal case depicted in Fig. 4 . We obtained an extinction ratio of 20 dB at the critical coupling and a power transmission larger than 90% in the over coupling regime.
These inverted-wedge resonators allow a controllable and a stable coupling robust to external perturbations such as mechanical vibrations and air flow. We tested the stability of the coupling between the fiber and the resonator when the fiber taper is in contact and not in contact with the surface of the resonator. Note that when in contact, the outer ring served as a support plate for the tapered fiber, which fixed the distance and the mode overlap between the tapered fiber and the resonator, thereby stabilizing the coupling. In the last set of experiments, we set the taper-resonator coupling at the critical coupling and locked frequency of the input laser at around T = 1/2 point. Under this condition, we monitored the transmission for several to tens of seconds. The results are depicted in Fig. 5 where we see that when the fiber taper is kept in contact with the top surface of the resonator, noise was significantly suppressed when compared to the case where the fiber taper was not in contact with the resonator. Typical experimentally obtained transmission values as a function of time are given in the inset of Fig. 5 , which clearly shows the suppression of fluctuations in the measured transmission when the taper is brought into contact with the top surface of the resonator.
In conclusion, inverted-wedge silica resonators with quality factors of the order of 10 6 in 1550 nm communication band were fabricated by using only techniques compatible with conventional semiconductor processing. The coupling strength was tuned from under-coupling through critical coupling to over-coupling by scanning the relative position of the taper both horizontally and vertically with respect to the top surface of the resonator. Robust coupling between the tapered fiber and the resonator was achieved by placing the taper in contact with the top surface of the resonator. For in-field applications outside the laboratory settings, these resonators can be used without worrying about perturbations that can affect the coupling conditions. Moreover, if needed, the fiber taper and the resonator can be embedded in a polymer matrix [19] much easily than the previous packaging works without losing the coupling conditions when the polymer is injected, or the taper can be glued to the flat surface of the resonator in a way similar to spot-packaging [20] . These resonators could be coupled to wedge resonators vertically or horizontally. Furthermore, since the top surfaces of these invertedwedge resonators are untouched during the fabrication process, microstructures could be created on top of the silica wafer in advance.
